Preeclampsia (PE) affects approximately 5% of all pregnancies, but is increased several-fold in women with pre-gestational type 1 diabetes mellitus (T1DM). Increased oxidative stress and altered maternal plasma trace elements that modulate the antioxidant system have been implicated in PE. In non-diabetic women, increased plasma copper and iron, and decreased manganese, selenium, and zinc have been associated with PE in cross-sectional studies. In a longitudinal study, we hypothesized that plasma levels of trace elements differ between T1DM women with vs. without subsequent PE. Samples were collected during the first (gestation 12.2 ± 1.9 weeks, (mean ± SD)), second (21.6 ± 1.5 weeks), and third (31.5 ± 1.7 weeks) trimesters of pregnancy, all before the onset of PE. We compared 23 T1DM women who subsequently developed PE with 24 T1DM women who remained normotensive; and we included 19 non-diabetic (non-DM) normotensive pregnant women as reference controls. Trace elements were measured using inductively coupled plasma mass spectroscopy (ICP-MS). In T1DM women with subsequent PE vs. normotensive, only plasma zinc was significantly higher at the first trimester, while copper:zinc and copper:HDL-cholesterol ratios were higher throughout gestation (all p<0.05). These findings persisted after adjustment for covariates. Higher copper:zinc ratios may contribute to oxidative stress in T1DM women who develop PE. Ratio of pro-to anti-oxidant factors may predict risk for PE in diabetic pregnancies more effectively than individual trace element levels.
Introduction
Preeclampsia (PE), a pregnancy-specific syndrome characterized by hypertension, proteinuria, and edema, is one of the leading causes of maternal mortality and preterm delivery, and is associated with adverse long-term outcomes for both mother and child. 1, 2 Its etiology is unclear, but evidence implicates placental hypoxia leading to oxidative stress, inflammation, and maternal endothelial dysfunction. 3, 4 Maternal Type 1 diabetes mellitus (T1DM), a condition associated with elevated oxidative stress and vascular dysfunction, increases the risk for PE about four-fold. 5, 6 There is little information available concerning associations of maternal pro-and anti-oxidant biomarkers with the subsequent development of PE, especially in presence of pre-gestational T1DM. We previously reported that altered maternal circulating antioxidant vitamins and inflammatory biomarkers are significantly associated with subsequent onset of PE in a well-characterized cohort of women with pregestational T1DM. 7, 8 We now aim to investigate the associations of maternal plasma trace elements, which are relevant to oxidative stress and antioxidant defense, with the subsequent development of PE in the same cohort.
Trace elements play a crucial role in fetal growth and development, 9, 10 and levels of trace elements that modulate the antioxidant defense system, such as copper, iron, manganese, selenium, and zinc change during the course of normal pregnancy. [11] [12] [13] [14] Copper, manganese and zinc are essential trace elements for optimal function of the antioxidant enzyme, superoxide dismutase (SOD), 15, 16 while selenium plays an important role in antioxidant functions of the glutathione enzyme system. 17 Also, iron and copper are redox transition elements, and when present in excess could promote oxidative stress and endothelial cell damage. 16 Associations of these trace elements with pregnancy-related hypertensive disorders, including PE, have been described, but mostly in case-control studies conducted late in pregnancy in non-diabetic women. The results are conflicting: maternal copper, iron, manganese, selenium, and zinc were decreased in the presence of PE in most studies [18] [19] [20] [21] [22] [23] ; however in some, copper, iron, and zinc were elevated in PE [24] [25] [26] and in others there were no associations with PE. 27, 28 Clearly, in these studies, any such associations could be a result, not a cause, of PE, or could be entirely unrelated: thus longitudinal studies are needed.
In the present prospective study, we hypothesized that maternal plasma trace elements, and specifically the ratios of pro-oxidant versus antioxidant factors, may act as markers for the subsequent onset of PE. Thus, we sought to determine concentrations of plasma copper, iron, manganese, selenium, and zinc at early, mid and late gestational phases, and related it to the subsequent development of PE. We also examined the ratios of copper, iron, and manganese with zinc, based on their inter-relationships in regulating the antioxidant defense system, as well as with HDL cholesterol, since HDL has known antioxidant functions. Our primary comparisons are between pre-gestational T1DM women who later developed PE and those who remained normotensive. We included a group of non-diabetic, normotensive pregnant women to serve as reference controls, and in a secondary analysis, we compare this group to the normotensive diabetic women.
Methods
We performed a sub-study of a previously-described prospective cohort of 151 non-Hispanic white women with T1DM and 24 non-diabetic participants enrolled during the first trimester of pregnancy and followed until delivery. 29 Clinical data and specimens were collected at each trimester (visit 1: 12.2 ± 1.9 weeks; visit 2: 21.6 ± 1.5 weeks; and visit 3: 31.5 ± 1.7 weeks of gestation [mean ± SD]; no overlap). Visit 3 was before PE onset. Subjects were requested to fast overnight, and serum, plasma, and urine samples were obtained before any exogenous insulin was taken. The study was approved by the institutional review boards of participating centers in Norway, Australia, and the U.S. Exclusion criteria were renal impairment (including microalbuminuria), cardiovascular disease, hypertension, or any other significant medical problem pre-pregnancy or at visit 1. PE was defined as new-onset hypertension (>140/90 mmHg) after 20 weeks' gestation in a previously normotensive woman, accompanied by proteinuria (>300 mg/24 h). Of the 26 diabetic women who developed PE (DM PE+) 29 , samples from 23 were available for this sub-study (sample attrition). Of the 26 selected DM PE− cases, matched on the basis of age, diabetes duration, HbA1c and parity, samples from 24 were available for this study (sample attrition). For reference values, 19 of 24 pregnant, non-diabetic, non-PE women (DM−) were also studied (three were previously excluded as described 29 ; two due to sample attrition). selenium ( 82 Se), and zinc ( 66 Zn) were measured using inductively coupled plasma quadrupole mass spectroscopy (Elan 9000; Perkin Elmer, Norwalk, CT) as described. 30 All plasma samples were diluted 20-fold (200 μL diluted to 4 mL) with 0.1% nitric oxide (GFS Chemicals, Powell, OH) in ultra-pure water. Standard solutions of selected trace elements were prepared by dilution of certified standard solutions (Perkin Elmer, Norwalk, CT). The calibration standards were prepared in 0.1% nitric acid solution at 0, 50, and 100 μg/L. All samples and standards were spiked with 10 μg/L gallium as an internal standard (Perkin Elmer, Norwalk, CT). Polypropylene plastic ware (Sarstedt, Inc., Newton, NC) was used for reagent and sample preparation to avoid metal contamination. Quality control samples (Utak Laboratories, Inc., Valencia, CA) were used to verify method performance and confirm obtained values were within recommended ranges. Quantitative analyses were performed using the scanning mode of data acquisition. For each element, peak area (signal) was divided (normalized) by the signal from the internal standard. Based on triplicate analyses, the estimated average interassay CV for copper, iron, manganese, selenium, and zinc was in the range of 2-7%.
Statistical analyses
Baseline data at visit 1 are shown as means ± SD. Maternal plasma trace elements (copper, iron, manganese, selenium, and zinc) and their ratios (copper:zinc, iron:zinc, manganese:zinc, copper HDL cholesterol, zinc:HDL cholesterol) are presented as means ± SE. Our primary analysis examined differences between women with T1DM who subsequently developed PE (DM PE+) versus those who remained normotensive (DM PE−). Cross-sectional between-group analyses of maternal trace elements and their ratios were performed at each visit using a general linear model analysis with and without covariates. The covariates considered were the visit 1 values of BMI, HbA 1c , mean arterial pressure, as well as age at onset of diabetes and duration of diabetes. Covariates were selected according to baseline differences, known associations with PE, or both. In the simpler case with no covariates this is equivalent to a t-test between DM PE+ and DM PE−. Longitudinal between-group analyses across all visits (overall) were performed using a generalized estimating equation (GEE) analysis with and without covariates. Including covariates had little effect on means and no effect on conclusions so results of analyses without covariates are reported. In the simpler case with no covariates, this is equivalent to repeated measures ANOVA. All tests were two-tailed, with P < 0.05 described as significant for the purposes of discussion. We also performed a secondary analysis to compare DM PE− and DM− pregnancies to discern changes attributable to diabetes. Statistical analyses used IBM SPSS Statistics (IBM Corp. Released 2011. IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY: IBM Corp).
Results

Baseline characteristics
As shown in Table 1 , body mass index (BMI) was significantly higher and HDL-cholesterol was significantly lower in the DM PE+ when compared to the DM PE− group (p<0.05). The age of onset of T1DM tended to be lower in diabetic women who later developed PE vs. those who did not (p<0.1). When comparing DM PE− vs. DM− groups, the diabetic normotensive group had, as expected, significantly higher HbA1c (p<0.05), and also tended to have lower serum triglycerides than the non-diabetic group (p<0.1).
Copper and Iron (Figure 1)
In the primary comparisons between DM PE+ and DM PE−, plasma copper ( 63 Cu & 65 Cu) and iron ( 54 Fe & 57 Fe) were not significantly different at any trimester prior to PE onset ( Figures 1A-1D ). Longitudinal analyses throughout gestation also revealed no significant differences between the two diabetic groups prior to PE onset. In secondary analyses, DM PE− vs. DM− had higher plasma copper only at the third trimester, and specifically, plasma 63 Cu was significantly higher in DM PE− at this gestational age ( Figure 1A ; p<0.05). No differences were noted in either form of plasma iron between DM PE− vs. DM − at any of the trimesters ( Figure 1C and 1D ). Again, longitudinal analyses showed no differences in maternal copper and iron due to the presence of diabetes. These conclusions persisted after adjustment for covariates.
Manganese, Selenium, and Zinc (Figure 2)
Primary analyses revealed no significant differences in case of plasma manganese ( 55 Mn) and selenium ( 82 Se) levels between DM PE+ and DM PE− (Figures 2A and 2B ). Plasma zinc ( 66 Zn) was significantly higher, though only at the first trimester, in T1DM women who later developed PE (p<0.05; Figure 2C ). However, longitudinal analyses revealed no overall significance in zinc levels in the diabetic group who developed PE compared to those who remained normotensive. In secondary analyses, DM PE− vs. DM− had significantly higher plasma manganese only at the third trimester (p<0.05; Figure 2A ), higher plasma selenium at the first and third trimesters (p<0.05; Figure 2B ), but no differences in plasma zinc ( Figure 2C ). Longitudinal analyses revealed overall plasma manganese and selenium, but not zinc to be significantly higher in the DM PE− compared to the non-diabetic controls (p<0.05). We excluded an individual (DM PE−) with Mn > 20mg/L from the reported analyses. These findings persisted after adjustment for covariates.
Ratios of trace elements (Figure 3)
Plasma Cu:Zn values (for both copper isotopes) were observed to be significantly lower at the first trimester, but higher at the third trimester, in DM PE+ vs DM PE− women (p<0.05; Figure 3A and 3B). Longitudinal analyses also revealed significantly higher ratios of copper to zinc throughout pregnancy in diabetic women who later developed PE versus normotensive controls (p<0.05). No significant cross-sectional or longitudinal differences were noted between the two diabetic groups for plasma Fe:Zn (Figure 3C and 3D) and Mn:Zn ( Figure 3E ). Secondary analyses of these ratios revealed no differences between the diabetic normotensive subjects and the non-diabetic controls at any visit or throughout pregnancy.
Ratios of trace elements with HDL cholesterol (Figure 4)
While no significant differences were noted in copper:HDL cholesterol between DM PE+ vs. DM PE− at any trimester, zinc:HDL cholesterol was significantly higher only at the first trimester in T1DM women who later developed PE (p<0.05; Figure 4C ). Longitudinal analyses revealed significantly higher ratios of copper (both isotopes) and zinc with HDLcholesterol in DM PE+ compared to the DM PE− group (p<0.05), overall throughout gestation. Secondary analyses revealed no differences between the diabetic normotensive and the non-diabetic controls at each visit or throughout pregnancy. When data were analyzed by severity of PE (moderate PE, N=16; severe PE, n=7), we found significant differences between the two groups only in case of Zn:HDL cholesterol which was higher at second and third trimesters in diabetic women who developed severe PE compared to those exhibiting moderate PE (p<0.05; data not shown).
Discussion
Copper and iron are redox-active transition elements and can catalyze the formation of free radicals, thereby leading to the oxidative modification of lipids and proteins characteristic of chronic conditions like diabetes. 16 While most of the cross-sectional studies in non-diabetic women have reported significantly higher copper and iron in PE cases vs. controls, 24-26, 31, 32 a few studies found no differences in these elements in presence vs. absence of PE. 27 In a recently reported prospective study in non-diabetic women, maternal plasma copper was significantly elevated in early pregnancy among those who subsequently developed PE compared to the controls. 33 In our prospective study of T1DM women, copper and iron levels were generally higher, though not significantly so, at the third trimester in the diabetic group that subsequently developed PE. It is possible that the clinical manifestation of PE is associated with more pronounced differences in these elements compared to the preclinical phase examined in our longitudinal study. Some of the discrepancies between studies may be explained by methodological differences in trace element analyses. Most of the previously reported case-control studies have used spectrophotometric assays based on atomic absorption, while we used the inductively coupled plasma mass spectroscopy which is specific in quantifying ions separated on the basis of their mass-to-charge ratio. The natural isotopes of trace elements, including copper and iron examined in our study have been widely analyzed in human nutritional studies of mineral absorption and retention. [34] [35] [36] [37] Future studies must also examine the incorporation of copper and iron into specific cells, such as red blood cells, placenta, as well as their fecal excretion, to further define the associations of these trace elements with PE.
Manganese, selenium, and zinc are essential trace elements for the antioxidant defense system, especially as co-factors for enzymes such as superoxide dismutase and the glutathione enzyme system that scavenge free radicals and protect against oxidative damage. [15] [16] [17] Thus, case-control studies have mostly reported lower maternal plasma manganese, selenium, and/or zinc in presence of PE in non-diabetic women. [18] [19] [20] [21] [22] [23] In our study, manganese and selenium were not significantly different prior to PE onset between the two diabetic groups, though levels at the third trimester were lower in those who later developed PE than in those who remained normotensive. In the case of zinc, we observed significantly higher levels in the diabetic group who later developed PE, but only at the first trimester, and overall zinc levels were not different throughout pregnancy between the two groups. Maternal zinc levels have been shown to be elevated in a few studies of pregnancies complicated by PE in non-diabetic women. 26, 38 In a cross-sectional study at the third trimester, Borella et al. reported significantly higher maternal plasma zinc in cases of diabetes with fetal growth retardation, but not those with PE, in comparison with nondiabetic healthy pregnant controls. 39 Furthermore, zinc uptake by the human placenta and in experimental diabetic animals has been shown to be modulated by several factors including maternal tissue zinc concentrations, gestational age, and diabetes. 40, 41 Though the exact mechanism is not clear, the observed higher maternal zinc levels in our diabetic PE group in the first trimester may be due to reduced placental zinc uptake based on early placental dysfunction 4 . It should however be noted that overall serum zinc levels in our T1DM women were above the thresholds associated with 'zinc deficiency' in other studies of nondiabetic women. 9, 42 Our findings deserve further investigation in larger trials of diabetic women at increased risk for PE, especially involving simultaneous determination of maternal serum and placental zinc status.
Interestingly, we found that copper:zinc ratios are modulated throughout gestation, while no differences were noted in iron:zinc or manganese:zinc ratios. We noted higher values of copper:zinc throughout pregnancy in the diabetic women who subsequently developed PE vs. those who did not. These ratios have previously been used as indices of oxidative stress, and have been reported as significantly associated with the presence of PE in non-diabetic women in some studies, 18, 20, 26, 31 ; other studies, however, have shown no associations with PE. 19, 39 Again, these are cross-sectional studies in women with confirmed PE, and provide no insight into the modulation of trace element ratios earlier in gestation, prior to PE onset. Our longitudinal study thus reveals significant imbalance in maternal ratios of copper, an element with demonstrated pro-oxidant effects, 16 with zinc, which is associated with antioxidant effects 43 , prior to the onset of PE. These observations deserve further confirmation in future, larger, prospective studies.
HDL cholesterol has been associated with antioxidant and anti-inflammatory functions that support its inverse correlation with cardiovascular disease. 44 The antioxidant capacity of HDL has also been shown to be lower in patients with T1DM versus non-diabetic controls. 45 In our study, HDL-cholesterol was also observed to be lower at the first trimester in the diabetic PE group when compared to the normotensive group. Increased susceptibility of serum lipids to oxidation has been reported in PE, 46 though no prospective associations of HDL-cholesterol with trace elements have been reported in pregnancies complicated by T1DM and/or PE. We observed significantly higher ratios of copper:HDL cholesterol and zinc:HDL cholesterol in T1DM women who later developed PE throughout pregnancy. Zinc supplementation in randomized controlled trials has been shown to lower HDLcholesterol, 47 potentially influencing antioxidant status and endothelial function, factors that are implicated in the pathogenesis of PE. These associations must be further defined in larger studies of PE in T1DM.
Our secondary analyses revealed that pregnancies complicated by T1DM appear to be associated with higher levels of copper, manganese, and selenium than non-diabetic pregnancies. These differences were most pronounced at the third trimester. These findings are similar to other reported studies showing altered antioxidant and trace element status in pregnancies complicated by diabetes. 39, 48 However, there is a lack of data from longitudinal studies assessing differences in trace elements involved in the antioxidant system in diabetic vs. non-diabetic pregnancies. Our findings reveal some abnormalities in these elements in the presence of maternal T1DM that may create a 'fertile soil' for the development of PE.
Large-scale community intervention studies have identified roles for micronutrient supplementation, especially of iron, zinc, and selenium, in improving pregnancy outcomes and infant mortality. 49, 50 A few trials have shown reduced incidence of PE in non-diabetic women following administration of a combination of essential trace elements, but do not report maternal levels of these trace elements. 51, 52 Thus, carefully controlled trials are needed to examine the effects of trace element supplementation, with or without other antioxidant nutrients, in reducing risks of PE in diabetic women.
Our study has several limitations. We have small sample sizes in the two diabetic groups, limiting statistical power. We did not measure activity of antioxidant enzymes and other biomolecules, such as transferrin and ceruloplasmin that modulate the activity and metabolism of the essential trace elements. Also, our study was limited to non-Hispanic white women, and thus do not address the issue of ethnic differences in the prevalence of PE. Finally, we did not record maternal dietary intakes of these essential elements. In this regard, most other reported studies also failed to adjust for dietary intake, although one reported differences in maternal trace elements associated with PE, despite similar nutrient intake in those with and without PE. 23 Overall, our hypothesis is supported by our data. We found higher maternal plasma zinc in early pregnancy, and the ratios of pro-oxidant elements, such as copper, with antioxidant molecules, such as zinc and HDL cholesterol were significantly elevated throughout pregnancy in diabetic women who subsequently developed PE. We also found diabetes to be associated with higher copper, manganese, and selenium, mostly in late pregnancy, when compared to non-diabetic pregnant women. Thus, the balance between maternal pro-oxidant and antioxidant biomolecules may deserve special attention in assessing risks and mechanisms of PE in women with pre-gestational T1DM. Future studies in T1DM pregnancy are needed to explore these findings, and in intervention studies, to delineate the role of essential trace element therapy in the prevention and medical management of PE. Table 1 Baseline characteristics of participants 1 1
DM PE
DM
Values are means ± SD.
2 P values <0.05 indicated in boldface. Measurements refer to visit 1 unless otherwise indicated.
*
For these data, P value refers to combined percentage (i.e. "None" and "stop during pregnancy", or "No" and "quit b/c pregnancy").
t tests for continuous variables and χ 2 for categorical variables.
DM, diabetes; DM−, no diabetes; PE+, preeclampsia; PE−, no preeclampsia.
